Using a Fourier transform spectrometer setup we have measured the self-broadened half width, pressure shift, and line asymmetry coefficients for transitions in the 30012'00001 and 30013'00001 vibrational bands of carbon dioxide for four different temperatures. A total of 46 pure CO 2 spectra were recorded at 0.008 and 0.009 cm À 1 resolution and at pressures varying from a few Torr to nearly an atmosphere. The individual spectral line profiles have been fitted by a Voigt profile and a speeddependent Voigt profile, to which we have added dispersion profiles to account for weak line mixing. A comparison of the sets of results obtained for each band showed no vibrational dependence of the broadening coefficients. The self-broadening and selfshift coefficients are compared to semiclassical calculations based on the RobertBonamy formalism and were found to be in good agreement. The line asymmetry results are compared to line mixing calculations based on the Energy Corrected Sudden (ECS) and Exponential Power Gap models.
Introduction
Carbon dioxide is a trace constituent of the Earth's atmosphere and is well mixed up to high altitudes. Over the past few hundreds of years the effects of human activities on our environment have escalated. It is believed that the anthropogenic emissions of greenhouse gases may cause changes in our global climate for many years to come. Recent scientific efforts to understand, quantify and predict the effects of human activities on Earth's atmosphere led to numerous studies of its main greenhouse gas, carbon dioxide [1 and reference therein].
As the remote sensing technology continues to improve, the quality of the spectroscopic data needed to interpret them has to follow the trend. Often, the laboratory studies try to reproduce the pressure and temperature ranges expected on the planetary atmosphere that is of interest. Our study is also relevant to present and future remote sensing studies of the planetary atmospheres of Mars and Venus [1 and reference therein]. For example, measurements of spectroscopic line parameters of carbon dioxide isotopologues are key to the accurate determination of CO 2 isotope ratios in the Martian atmosphere that will help scientists understand its atmospheric evolution and search for evidence of biogenic activity.
Until recently, most of the studies reporting spectroscopic line parameters were based on fitting the profiles to Voigt or Lorentz line shapes. As shown in the room temperature measurements of pure carbon dioxide transitions in the two Fermi bands of interest in the present study [2] [3] [4] , the Voigt profiles do not model accurately the observed absorption profiles. Often a better representation of the observed profiles is obtained when line mixing effects are accounted for. In this study we have followed this approach.
There have been very few studies on the temperature dependence of self broadening coefficients in carbon dioxide [5] [6] [7] [8] [9] [10] [11] . Fourier transform spectra recorded at 197, 233 and 294 K were used to study the temperature dependence of 22 self-broadened transitions in each of the 30013'00001 [5] and 30012'00001 [6] vibrational bands. The absolute line intensities, self-and foreign-gas broadened line parameters were retrieved using a Voigt profile. The authors compared their experimental results with earlier measurements by other investigators and with theoretical calculations of broadening parameters.
Diode laser spectroscopy was employed by Tettemer and Planet [7] to measure the line intensities, self-and N 2 -broadened half width for 9 transitions in the n 2 band and 5 transitions in the 2n 2 Àn 2 band of carbon dioxide. Those measurements were carried out over the 200-325 K temperature range. The reported temperature dependence exponents for all transitions were above 0.5.
Using a grating spectrometer Margottin-Maclou et al. [8] have measured the room temperature self-broadening parameters for 42 transitions in the n 3 band of CO 2 . The N 2 -and O 2 -broadening parameters were measured at 296 and 198 K for transitions in the n 3 and n 1 + n 3 bands.
The authors compared their experimental results with semi-classical calculations.
Varanasi [9] published a comprehensive review of self-, N 2 -and O 2 -broadened carbon dioxide transitions belonging to selected mid-infrared vibrational bands. The measurements were performed in the 197-620 K temperature range. The experimental measurements were complemented by a discussion of the theoretical models available for calculations of collisional broadening coefficients. Aushev et al. [10] studied the CO 2 selfbroadened spectra of six transitions in the n 3 band and four transitions in the laser band at very high temperatures (1000-3000 K). Arshinov and Leshenyuk [11] studied one self-broadened R branch transition belonging to the laser band in the 290-600 K range.
To a certain extent, the results presented here are complementary to our study of temperature dependences of air broadening coefficients for transitions in the 30012'00001 and 30013'00001 bands of carbon dioxide [12] . This is the first set of measurements for temperature dependences of self-broadening, self-induced pressure shifts and line mixing coefficients in these two bands. The Voigt and speed-dependent Voigt profiles with associated asymmetric components to account for line mixing effects were used to model the line shape profiles. The self-broadening coefficients and associated temperature dependence exponents were modeled using semi-classical calculations based on the Robert-Bonamy formalism [13] . The line mixing coefficients were compared with values calculated using the Energy Power Gap (EPG) and Energy Corrected Sudden (ECS) scaling laws. Overall, we observe a good agreement between the measurements and the corresponding theoretical calculations.
Experimental details and results
The spectra were recorded at the National Research Council of Canada using a Bomem DA3.002 Fourier transform spectrometer and a coolable multi-traversal absorption cell with a base length of 5 m, as described in our study of CO 2 + air mixtures [12] . In Table 1 we present a summary of the experimental conditions of all spectra used in this study. The nominal spectral resolution was either 0.008 cm À 1 or 0.009 cm À 1 and the total absorption path was either 20.15 or 40.15 m. Each spectrum was an average of 24-32 interferograms, representing a data acquisition time of approximately 2 h.
The absorption cell resides inside a vacuum jacket and the entire optical path outside the cell is evacuated. Cooling is accomplished by means of flowing liquid methanol from a refrigerated cooling bath through copper coils soldered to the outside of the cell. The gas temperature is monitored by platinum resistance thermometers mounted on the cooling lines and inside the cell, as well as from the temperature of the cooling bath itself. Gas pressures are measured with an estimated accuracy of about 0.3% using Baratron Model 127 capacitance manometers (with full scale ranges of 10 and 1000 Torr) and a Wallace and Tiernan Model FA145 Bourdon tube gauge.
A total of 28 cold spectra were analyzed, with sample pressures ranging from 7 to 665 Torr (1 Torr= 133.322 Pa) and sample temperatures of 218, 235, or 259 K. The rotational gas temperatures reported in Table 1 were determined using selected line intensities from our pure gas, room temperature study of these two bands [4] . The estimated accuracy of the temperature determination is 70.5 K, with a further uncertainty of 70.5 K due to possible variations along the 5 m length of the cell. The uncertainty and inhomogeneity are greatest at the lowest temperature (218 K). The analysis also incorporated 18 room temperature spectra used in [4] .
The 46 self-broadened CO 2 spectra were divided into four sets according to the temperature at which they were recorded. The individual sets of spectra were analyzed using a multispectrum nonlinear least squares technique [14] to retrieve the line parameters at that temperature. Next, the temperature dependences of the broadening and shift coefficients were determined and compared. We attempted to retrieve the self-broadening, self-shift and line mixing coefficients for all pure carbon dioxide transitions in the 30013'00001 and 30012'00001 vibrational bands that were visible in our spectra. The line shape functions used were the Voigt and speed dependent Voigt convolved with the instrumental line shape appropriate for our instrument. During each fit, the analysis software was modeling the spectral backgrounds and zero transmission levels.
As in our room temperature study [4] , the groups of spectra recorded at the same temperature were divided in sections of about 2-3 cm À 1 wide and analyzed using the multispectrum analysis software. The initial values for the fit parameters (other than line mixing coefficients) were taken from HITRAN 2004 database [15] (the line positions for the transition in our bands are the same as in the recent HITRAN 2008 database [16] ). During the analysis the line parameters for unmeasured lines were fixed to values reported in the HITRAN database [15] . For these unmeasured lines we kept the temperature dependences of their shift coefficients set to zero, an assumption that did not seem to affect the quality of the fits as judged from the fit residuals.
The low pressure spectra were used to determine an internal calibration factor with reference to the positions of select carbon dioxide transitions, as reported in HITRAN 2004 [15] . The calibration factors obtained by this method were then used to calibrate spectra recorded in the same day and at elevated temperatures.
Below we present the expressions used to retrieve the self-broadened half width and pressure induced shift coefficients and their temperature dependences:
gðp; TÞ ¼ pg Based on the conclusions of the room temperature spectroscopic studies of the 30013'00001 and 30012'00001 bands [2] [3] [4] , we have accounted for line mixing effects in our line shape modeling. At elevated pressures inelastic collisions redistribute the molecules between adjacent energy levels, leading to a transfer of intensity from some parts of the spectrum to others. As a consequence, in the weak line mixing regime, the spectral lines are asymmetric. The line asymmetry is modeled in our analysis software by adding a dispersive profile of amplitude pY 0k (T) to the non-dispersive Voigt or speeddependent Voigt profiles [Eq. (4) ], where p is the gas pressure in atm and Y 0k (T) is the line mixing coefficient of the transition of interest.
As in our previous studies [4, 17] we have described the state of the molecules using the relaxation matrix formalism, where the self-broadening coefficients are the real parts of the diagonal elements of the relaxation matrix, W, and the pressure-induced line shift coefficients are the imaginary parts of the diagonal elements. The weak self-line mixing coefficients, Y 0k at a given temperature T, are quantified using the off-diagonal elements of the W matrix: The line mixing coefficients Y 0k (T) calculated in this way account for collisional transfer between pairs of energy levels j and k. In Eq. (4), d k are the elements of the dipole moment matrix.
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The resulting line parameters determined from multispectrum least squares fits are listed in Tables 2  and 3 for the 30013'00001 and 30012'00001 bands, respectively. We were unable to retrieve experimentally (8) a Line positions are taken from HITRAN2008 [16] . Table 3 Temperature dependences of self-broadened half width and pressure shift coefficients in the 30012'00001 band of carbon dioxide.
À 56 6292.996793 0.501 (7) 0.552 (7) À 54 6295.319763 0.428 (6) 6370.457697 0.587(6) 0.592(6) 0.000137 (7) the line mixing coefficients for the spectra recorded at the lowest temperature. But, for consistency in the multispectrum fits at 217 K, we have modeled the spectral profiles using calculated line mixing coefficients obtained using the Exponential Power Gap law and our parameters from Ref. [17] . The line positions taken from HITRAN 2008 [16] are shown for easy identification of the transitions.
Theoretical calculations
The real components of the semiclassical RobertBonamy formalism [13] , (RRB), was used to calculate the self-broadened half-widths of carbon dioxide. In computational form, the half-width g of any given rovibrational transition f'i is expressed in terms of the elements of the Liouville scattering matrix [18, 19] :
In Eq. (5) O 2 retrieved using multispectrum fits [14] . We present both results obtained with the Voigt and speed dependent Voigt models. The calculated selfbroadening coefficients are overlaid to our results. discussed in Ref. [13] . For the convenience of the reader, we will discuss them here as well. Re(S 2 ) is the real part of the second order term in the successive expansion of the corresponding scattering matrix and depends on (i) the rovibrational states involved in the transition and associated collision induced jumps from these energy levels, (ii) the intermolecular potential, and (iii) the collision dynamics.
The intermolecular potential was modeled using the electrostatic (quadrupole-quadrupole) component of the CO 2 -CO 2 system and an atom-atom interaction to account for close collisions. The expression of Sack [20] expanded to the fourth order was used to express the atom-atom distance, r ij , in terms of the center of mass separation, R. Robert and Bonamy's second order in time approximation [13] is used to describe the dynamics of the collisional processes. In this approximation the interaction potential is used to determine the distance, effective velocity, and force at closest approach. To simplify the trajectory calculations the isotropic part of the atom-atom expansion is approximated by a single isotropic Lennard-Jones 6-12 potential where the molecular parameters are from Ref. [21] . The reduced matrix elements of the radiating and perturbing molecules are evaluated using wavefunctions in the symmetric top basis and the energies are given in terms of the molecular rotational constants [22] .
There are a number of different methods that have been proposed to determine heteronuclear potential atom-atom parameters from the homonuclear parameters [23 (and references therein), 24]. Good and Hope [25] showed that different combination rules to determine e show variations of $ 15%. Depending on how the values are derived it is possible to find examples in the literature [26] where the parameters for the same interaction pair differ by factors of 2.
There are several studies that show when the molecular parameters are adjusted, the resulting half-widths agree better with experiment [21, [27] [28] [29] . Thus it appears reasonable to adjust the molecular parameters when measurements are available.
Here, initial calculations for the transitions studied in the 30012'00001 band were made at 296 K using the molecular parameters taken from the work of Rosenmann et al. [21] . The calculations show an average difference of 7.3% compared with the measurements. Next, each atomatom coefficient (D0, E0, DO, EO) and the quadruple moment was changed, one at a time, by 10% and the calculations made to determine the dependence of the half-widths on these parameters. With this information the parameters were adjusted iteratively and the calculations compared with the measurements until we achieved a percent difference of just under 2.
The final values of the parameters are a 10% reduction in the quadrupole moment, 15% increase in the D0 and EO atom-atom parameters and a 15% decrease in the E0 and DO atom-atom parameters.
The calculations of self-broadened half-width coefficients were made for P-and R-branch transitions of CO 2 for |m| values from 1 to 64. The half-width coefficients were calculated at 200, 250, 296, 350, and For atmospheric applications, both the temperature and pressure dependence of half-width coefficients are required on a line-by-line basis. The temperature scaling law [30] and Eq. (1). can be used to determine the temperature dependence exponents, n, of the selfbroadened half-width coefficients.
ARTICLE IN PRESS
In recent years it has been shown that for some gasperturber systems, such as for example, foreign-gas broadened water, this scaling law is not always appropriate [31] [32] [33] [34] . It will be shown below that the power-law model does not work reasonably well for the CO 2 -CO 2 system.
The theoretical values of the temperature dependence exponents, n, were determined for each transition by a least-squares fits of ln[g(T)/g(T 0 )] vs. ln[T 0 /T] over the temperature range 200-500 K. We estimate the error in the temperature dependence exponents using the halfwidth values at any two of the five temperatures studied. This procedure provided ten 2-point temperature dependence exponents. The difference between each 2-point temperature dependence exponent and the 5-point fit value is calculated. The errors quoted in this work are the largest of these differences and believed to be more reliable than the statistical values taken from the fit.

Comparison of experiment and calculations
The calculated widths and their temperature dependences are given in Table 4 . These data are compared with the present measurements plotted in Figs. 1A and B. The agreement is quite good as seen in the figures. In both bands, for |m| above 3 the observed self-broadening coefficients for both the P and R branch transitions lie on a smoothly changing curve, below the calculated values.
In Figs. 2A and B we have plotted the temperature dependence exponents of the self-broadening coefficients, n, as a function of m for the 30013'00001 (panel A) and 30012'00001 (panel B) bands. Similar to our observations for the temperature dependence exponents of the air-broadened widths [12] , the measured n vs. m show much scatter. For the same m values, small variations are observed when we change the line shape model from Voigt to speed-dependent Voigt. Also, as pointed out in Ref. [12] , comparing the values for n in the two bands (panels A and B), for the same line shape model and the same m value, we observed that the differences are small. In panel C we have plotted the averaged experimental and calculated values for the same m values and transitions in the two bands.
In all three panels of Fig. 2 the reader can note that there is good agreement between the experimental values for temperature dependences of self-broadening coefficients, n, and the calculated ones. Clearly, the pattern in the calculated n values with a local minimum at |m| equal to À10 and 9, is not reproduced in the experimental results. We believe that there is need of more measurements for temperature dependence of self-broadening coefficients at both higher and lower temperatures than the limited range covered in this study. Extending the temperature range will greatly reduce the uncertainty of the derived n value as shown by Gamache et al. [35] . In our study the transitions were fairly weak above |m|=40 and we believe that in order to validate the calculations at high J values, new studies for stronger bands are needed.
The accuracy of the power law model of the temperature dependence applied to the half-width for the CO 2 as seen in the correlation coefficient of the fit, R= 0.99999. Inspection of the curve finds most of the points on or near the straight line. However, as J 00 increases the points are no longer in a straight line as seen in Fig. 3B we have compared our experimental line mixing results for the sets of spectra recorded at room temperature [4] , 258 and 235 K with values calculated using the Exponential Power Gap (EPG) scaling law and the Energy Corrected Sudden (ECS) model and our parameters for temperature dependence reported in Ref. [17] . The measured and calculated results are plotted against m. The results obtained for transitions in the 30013'00001 band are shown in Fig. 5 and those for the 30012'00001 band in Fig. 6 . In both figures the top panel presents our room temperature results from Ref. [17] . Since, as mentioned in previous sections, we were unable to retrieve the experimental self-line mixing coefficients at 217 K, in panels D of Figs. 5 and 6, we have plotted the calculated line mixing coefficients expected at this temperature.
As shown in Ref. [17] , the adjustable parameters from the scaling laws have a temperature dependence that has to be taken into account to ensure a good agreement between the experimental values of broadening coefficients and those calculated using scaling laws over a wide temperature range.
In the case of modeling the line mixing coefficients with the EPG scaling law, the temperature dependence coefficients (see Eq. (8) of Ref. [17] ) of the parameter used to describe the collisional rates in Eq. (5) of Ref. [17] were taken from Table 3A of Ref. [17] from Table 1 of Ref. [17] . As can be seen in panels A-C of Figs. 5 and 6 the EPG law reproduces the observed selfline mixing coefficients to within 710% of the experimental values. In Figs. 5 and 6 the self-line mixing coefficients retrieved at 296, 258 and 235 K and the calculated ones for 217 K are given in Tables 5 and 6 for the 30013'00001 and the 30012'00001 bands, respectively. The coefficients listed for 217 K were calculated using the exponential power gap (EPG) scaling law, energy corrected sudden model (ECS) and their temperature dependence coefficients from Ref. [17] . a Line positions are from HITRAN2008 [16] .
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The self-line mixing coefficients calculated using the ECS model followed the ''fit 1'' procedure described in Ref. [17] , that takes into account the temperature dependence of the parameters A(T) and d c (T) from the basic rates and adiabatic factor, respectively, as described in Eqs. (10)- (12) of Ref. [17] . The self line mixing coefficients were calculated using the values of the temperature dependence coefficient ''N1'' and ''N2'' of the A(T) and The coefficient ts listed for the 217 K temperature were calculated using the exponential power gap (EPG) scaling law, energy corrected sudden model (ECS) and their temperature dependence coefficients from Ref. [17] . a Line positions are from HITRAN2008 [16] .
d c (T) parameters in Eq. (12) of Ref. [17] and Tables 7A and  B of Ref. [17] . The room temperature values of the adjustable parameters for self-broadened transitions were taken from Table 5 of Ref. [17] . All results are plotted against m (or |m|). In both figures the top panel presents results in the 30013'00001 band and the bottom panel presents our results for the 30012'00001 band. Both fitting laws used successfully modeled the entire range of rotational states. However, none of them fits perfectly the measured broadening parameters. For |m| values between 10 and 35 both models provide a good agreement with the experimental results. The ECS model fails to reproduce well the measurements at very low |m|, whereas the EPG model seems to overestimate the broadening for |m| 417. For the line mixing coefficients the EPG model seems to give an overall better agreement than the ECS model. However, as pointed in Refs. [4, 17] , none of these models reproduce the self-broadening coefficients very well over the entire range of |m| values.
An inspection of the experimental and calculated line mixing results plotted in panels A-C of Figs. 5 and 6, shows that the ECS model does not reproduce well the measured line mixing results, especially at very low and high |m|. Overall, the EPG and ECS fitting laws modeled the entire range of |m|, but they did not fit very well the observed self-line mixing coefficients at 296, 258 and 235 K.
Conclusion
In this study we have measured for the first time the temperature dependences of self-broadened line parameters using a set of 46 spectra of pure carbon dioxide in the 30013'00001 and 30012'00001 bands recorded at 296, 258, 235 and 217 K. A multispectrum fit technique was used in the analysis. The line profiles were fitted using the Voigt and speed dependent Voigt line shape models that incorporated line mixing and speed dependence.
Semiclassical theoretical calculations of the selfbroadened half widths were performed using the Robert-Bonamy formalism [13] and used to calculate theoretical temperature dependence coefficients for the self-broadening coefficients. The calculated selfbroadened half widths were found to be in good agreement (within a few percent) with the corresponding measured self-broadened widths. The agreement of the calculated temperature dependence coefficients with the measured values is very good.
The measured values for the temperature dependent coefficients in self-broadened CO 2 pressure shifts did not show a dependence on |m|. A similar observation was made in our study of CO 2 and air mixtures [12] . One observable difference is the fact that the average value for d 0 in pure CO 2 is about 0.000077 cm À 1 atm À 1 K À 1 , different from the value of À 0.00006 cm À 1 atm
obtained for air-broadened spectra. We were able to quantify the line mixing effects in pure carbon dioxide only at room temperature [4] , 258 and 235 K. The line mixing coefficients were modeled using parameters for their temperature dependences reported in our study in Ref. [17] . At both very low and high |m| values the Energy Corrected Sudden (ECS) model failed to reproduce the measurements very well whereas for the line mixing coefficients the Exponential Power Gap (EPG) model seems to give a slightly better agreement. The results presented in this paper will improve our general understanding of the pressure broadening and pressure-shift parameters and line mixing effects in selfbroadened carbon dioxide.
